Lytic reactivation from latency is critical for the pathogenesis of Kaposi's sarcoma-associated herpesvirus (KSHV). We previously demonstrated that the 691-amino-acid (aa) KSHV Rta transcriptional transactivator is necessary and sufficient to reactivate the virus from latency. Viral lytic cycle genes, including those expressing additional transactivators and putative oncogenes, are induced in a cascade fashion following Rta expression. In this study, we sought to define Rta's direct targets during reactivation by generating a conditionally nuclear variant of Rta. Wild-type Rta protein is constitutively localized to cell nuclei and contains two putative nuclear localization signals (NLSs). Only one NLS (NLS2; aa 516 to 530) was required for the nuclear localization of Rta, and it relocalized enhanced green fluorescent protein exclusively to cell nuclei. The results of analyses of Rta NLS mutants demonstrated that proper nuclear localization of Rta was required for transactivation and the stimulation of viral reactivation. RTA with NLS1 and NLS2 deleted was fused to the hormone-binding domain of the murine estrogen receptor to generate an Rta variant whose nuclear localization and ability to transactivate and induce reactivation were tightly controlled posttranslationally by the synthetic hormone tamoxifen. We used this strategy in KSHV-infected cells treated with protein synthesis inhibitors to identify direct transcriptional targets of Rta. Rta activated only eight KSHV genes in the absence of de novo protein synthesis. These direct transcriptional targets of Rta were transactivated to different levels and included the genes nut-1/PAN, ORF57/Mta, ORF56/Primase, K2/viral interleukin-6 (vIL-6), ORF37/SOX, K14/vOX, K9/vIRF1, and ORF52. Our data suggest that the induction of most of the KSHV lytic cycle genes requires additional protein expression after the expression of Rta.
Kaposi's sarcoma-associated herpesvirus (KSHV; also known as human herpesvirus-8) is the etiologic agent of the human cancers primary effusion lymphoma (PEL) and Kaposi's sarcoma (KS) (8, 22) . Since B-cell infection predicts future KS development and latent KSHV infection is established before KS onset, the reactivation of productive (lytic) KSHV infection from the latently infected B-cell reservoir is a necessary step in KS development (2, 51, 54, 78) . Deciphering the mechanisms that function at the molecular level to control KSHV reactivation is therefore essential for understanding the pathogenesis of the virus.
During KSHV reactivation in PEL tissue culture models, de novo expression of viral genes unfolds sequentially in a cascade fashion (31, 44) . A fraction of the cells in which the virus initiates reactivation support completion of the gene expression program, resulting in the production of progeny virus and lysis of the host cells (46, 47, 60) . The reactivation program has thus been termed the KSHV lytic cycle. Similarly to other DNA viruses, the KSHV lytic cycle genes have been classified as immediate early (IE), delayed early (DE), or late (L) genes.
Genes whose expression is resistant to protein synthesis inhibitors have been formally classified as IE genes (62, 67, 81) . Genes whose transcription requires viral DNA replication have been classified as L genes (44) . By default, lytic genes that have not been classified as IE or L fall into the DE class. Twelve of the 17 viral genes that are candidates for contributing directly to KSHV pathogenesis are expressed during lytic reactivation, primarily with DE kinetics (13, 17, 44, 53, 57) . Those observations suggest that the expression of the candidate DE pathogenic genes is one mechanism by which KSHV lytic reactivation contributes to KS development.
We and others have demonstrated that the KSHV Rta protein, expressed by the open reading frame (ORF50), is necessary and sufficient for lytic viral reactivation in tissue culture models of latency (24, 46, 47, 68, 79) . The viral gene expression program induced by ectopic Rta in latently infected PEL cells is similar to that induced by chemicals that stimulate complete viral reactivation (14, 56) . Rta is expressed with IE kinetics (67, 81) and encodes a 691-amino-acid (aa) protein that transactivates the putative promoters of many DE genes when they are cloned upstream of reporters (e.g., firefly luciferase [10, 12, 18, 32, 45-47, 63, 72, 73, 82] ). These promoters include those for the candidate viral pathogenic genes. Rta functions as a tetramer to transactivate viral transcription and reactivate the lytic cycle (3) . Rta specifies genes for transactivation by binding directly to promoter DNA and interacting with the cellular DNA binding proteins recombination signal binding protein Jk (RBP-Jk), Octamer 1 (Oct-1), CAAT-enhancer binding protein ␣ (C/EBP␣), and c-Jun (6, 7, 37, 39, 74, 76) . The requirement for each of these molecular interactions in Rta function appears to be cell and promoter specific (59) .
Studies of Rta-dependent reactivation at the single-cell level suggest that the expression of Rta alone does not ensure completion of the lytic cycle and the production of mature virions from every infected cell (46, 47) . To understand the factors that determine the progression of the lytic cycle during Rtadependent reactivation demands the identification of the authentic, direct-transcriptional targets of Rta in infected cells. However, the strategies described in the current literature have been insufficient for this purpose. Genome-wide analyses of the kinetic order of KSHV gene expression during reactivation fail to reveal Rta's direct transcriptional targets because additional transactivators are expressed downstream of Rta (23, 26, 30, 34, 59, 75) . Other lytic cycle proteins that are induced by Rta inhibit viral transcription and reactivation (5, 29, 36, 40) . Mechanistic studies of Rta-dependent reactivation are also complicated by reports that ectopic Rta can transactivate the transcription of Rta from the endogenous KSHV genome (11, 14, 24, 56) . The results of transient assays of the Rta-dependent transactivation of promoter-reporter plasmids in transfected cells can be difficult to interpret since they rely on testing viral promoters removed from their authentic contexts in the viral genome.
In this study, our goal was to establish a strategy to overcome the shortcomings described above. We generated a conditionally nuclear variant of Rta by fusing it to a modified hormonebinding domain (HBD) of the murine estrogen receptor (ER) (Rta-ER). We employed Rta-ER to identify Rta's direct transcriptional targets in the viral genome in infected cells. Addition of the protein synthesis inhibitor hygromycin permitted the identification of the Rta-dependent transcriptome in the absence of translation of the other viral transcriptional regulatory proteins. We demonstrate that a C-terminal (aa 516 to 530) lysine-rich sequence is necessary for nuclear localization and transactivation by Rta. The deletion of this nuclear localization sequence (NLS) was critical, permitting tight control of Rta's nuclear localization by the addition or omission of the synthetic hormone 4-hydroxytamoxifen (4-OHT) to the cell growth medium.
MATERIALS AND METHODS
Plasmids. All plasmids were propagated and purified as described previously (59) . Plasmids constructed by PCR amplification were verified by DNA sequencing.
For pcDNA3.1-FLc50-RFP-Timer (expresses WT Rta), full-length (FL) ORF50 was PCR amplified from the template plasmid pGem3-FLc50 (46) ; the 3Ј primer removed the translation termination codon. The product was digested with EcoRI and EcoRV (introduced by primers) and ligated with the plasmid pcDNA3.1/V5-HisB (Invitrogen) that had been digested with the same enzymes. The resultant clone was named pcDNA3.1-V5-FLc50 and expressed FL Rta fused C terminally to the V5 epitope tag and a six-His epitope. Next, the V5 and His tags were replaced, in frame, by the mutant red fluorescent protein (RFP) DsRed1-E5: the insert encoding this RFP was excised from the plasmid pTimer-1 (Clontech) by digestion with SacII and HpaI and ligated into pcDNA3.1-V5-FLc50 that had been digested with SacII and PmeI.
For pcDNA3.1-ORF50⌬NLS1-RFP-Timer (expresses Rta with NLS1 deleted from the first AUG of ORF50 exon 2, at nucleotide [nt] 181 [Rta⌬NLS1]), pcDNA3.1-FLc50-RFP-Timer was digested with BsiWI (ORF50 nt 544) and EcoRI (in the polylinker 5Ј of the insert) and ligated to the insert of pBS1.3 (described in reference 46) that was digested with the same enzymes.
For pcDNA3.1-ORF50⌬NLS2-RFP-Timer (expresses Rta⌬NLS2; see Fig.  1A) , two PCR products, spanning nt 1 to 1545 (PCR I) and 1591 to 2076 (PCR II), respectively, were sequentially cloned. PCR I was digested with EcoRV/NheI (introduced by the primers) and ligated to pcDNA3.1/Zeo (Invitrogen) that had been digested with the same enzymes. PCR II was digested with NheI/EcoRV and ligated to the plasmid constructed from PCR I that had been digested with NheI and NruI. This created the plasmid named pcDNA3.1Zeo-ORF50⌬NLS2. This plasmid then was used as a template to PCR amplify the FL insert (PCR product PCR III), digested with BsiWI (internal)/EcoRV (introduced by the 3Ј primer), and ligated to pcDNA3.1-FLc50-RFP-Timer that had been digested with the same enzymes.
For pcDNA3.1-ORF50⌬NLS1,2-RFP-Timer (expresses Rta with NLS1 and NLS2 deleted [Rta⌬NLS1,2]), PCR III was amplified and digested as described in the paragraph above and then ligated to pcDNA3.1-ORF50⌬NLS1-RFP-Timer that had been digested with the same enzymes. ORF50 Sal 7 is a plasmid clone of the 7-kb SalI fragment containing the genomic ORF50/Rta locus and its natural promoter (47) .
For pEGFP-C1-NLS1 and pEGFP-C1-NLS2 (express Rta NLS1 and NLS2, respectively, fused to enhanced green fluorescent protein [eGFP]), doublestranded oligonucleotides encoding NLS1 and NLS2, respectively, of ORF50 were cloned in frame with eGFP at the BamHI/SalI sites of pEGFP (Clontech).
For pcDNA3.1-ZeoFL50-ER-Tm (expresses WT Rta ER protein), pBS-SK-ER-Tm (containing the tamoxifen [TM]-responsive HBD of the murine ER; a gift of Gerard Evan [42] ) was digested with BamHI and EcoRI to release the ER-TM fragment, which was ligated into pcDNA3.1/Zeo (Invitrogen) that had been digested with the same enzymes. This created the plasmid pcDNA3.1ZeoER-Tm. Rta was then constructed as a C-terminal fusion to the ER-TM domain by using a two-step procedure. First, Rta was PCR amplified by using the plasmid pGem3-FLc50 (46) as a template and a 3Ј primer that changed the Rta termination codon from TGA to TGG (Trp). The 3Ј primer also introduced a BamHI restriction site to that end; following amplification, the PCR product was digested with BamHI (which also cuts internally in Rta, at nt 335). The resulting fragment was ligated into pcDNA3.1ZeoER-Tm, which had been digested with BamHI and treated with shrimp alkaline phosphatase (Promega) to inhibit self-ligation. The resultant plasmid was named pcDNA3.1-50Bam-ER-TmZeo. The N terminus of Rta was added in the second step by PCR amplifying Rta nt 1 to 815, using pGem3-FLc50 as template and a 5Ј primer that introduced an NheI restriction site 5Ј to the Rta start codon. This PCR product was digested with NheI and NarI (which cuts at Rta nt 630) and ligated with pcDNA3.1-50BamER-TmZeo that had been digested with the same enzymes.
For pcDNA3.1-ORF50⌬NLS1-ER-Tm (expresses ER and Rta with NLS1 deleted[Rta⌬NLS1-ER]), pcDNA3.1-50BamER-TmZeo was digested with Nar I (ORF50 nt 630) and NheI (which cuts in the polylinker), and ligated to the Nar I/SpeI fragment of pBS-1.3 (46) . For pcDNA3.1-ORF50⌬NLS1,2-ER-Tm (expresses Rta⌬NLS1,2-ER), the BstEII fragment from pcDNA3.1-ORF50⌬NLS2-GFP-Timer was ligated to pcDNA3.1-ORF50⌬NLS1-ER-Tm.
The pGL3 promoter expresses firefly luciferase under the control of the simian virus 40 early promoter (Promega). pcDNA3-His-lacZ expresses ␤-galactosidase under the control of the human cytomegalovirus major IE enhancer (Invitrogen).
Cell culture, transfections, and inductions. BL-41 and BCBL-1 cells were propagated, transfected, and induced as previously described (3, 6) . Luciferase/ ␤-galactosidase reporter assays were performed exactly as previously described (3) . At least two transfections were performed in triplicate for each experiment.
HeLa cells were propagated in complete DME as previously described (7) . For transfections, 5 ϫ 10 4 cells were seeded on coverslips in each well of six-well plates and grown overnight (ON). Approximately 4 h before transfection, the medium was replaced with fresh complete medium. DNA cocktails were prepared, consisting of 10 g of total DNA, 10 l 10ϫ NTE (10 mM Tris-Cl, pH 7.4, 100 mM NaCl, 1 mM EDTA), 12.5 l 2 M CaCl 2 , and H 2 0 to a final volume of 100 l. The DNA cocktails were added dropwise to an equal volume of 2ϫ transfection buffer (100 l 0.5 M HEPES, 810 l H 2 0, 90 l 2 M NaCl, 2 l 1 M Na 2 HPO 4 ) in a 1.5-ml centrifuge tube, and streams of bubbles were blown through the mixture 5 to 10 times using a pipette. The mixture was left at room temperature for 15 to 30 min and then added dropwise to the wells containing medium and cells. DNA precipitates were distributed by rotating plates in a figure-eight motion, and the plates were returned to the incubator for ON growth. The medium/precipitates were aspirated, cells were washed with fresh medium, and then 3 ml of medium was added to each well. The plates were returned to the incubator for additional ON growth of cells.
Vero cells infected with the recombinant KSHV construct rKSHV.219 (Vero-rKSHV.219) were grown in complete Dulbecco's modified Eagle's medium supplemented with 6 g/ml puromycin as previously described (71) . For transfec-tion, cells were seeded at 1 ϫ 10 6 per 10-cm plate to obtain approximately 50 to 70% confluence the following day and transfected with TransIT-LT1 transfection reagent with 10 g DNA according to the manufacturer's (Mirus) instructions. For gene expression studies, 4-OHT (0.1 mM; Sigma), cycloheximide (CHX) (10 or 25 g/ml; Sigma), hygromycin B (300 g/ml; Invitrogen), or neomycin (5 l/ml; Sigma) was added to the cultures at the times indicated in each figure.
Immunofluorescence. The levels of reactivation in BCBL-1 cells were quantitated by measuring the KSHV DE marker ORF59 or the L marker K8.1, as described in reference 47. The results of at least two experiments performed in duplicate were quantitated. The levels of reactivation in Vero-rKSHV.219 cells were quantitated by measuring the K8.1 marker at 48 h after the addition of 4-OHT, using the formulas described in reference 3.
For adherent Vero-rKSHV.219, HeLa, or 293 cells, coverslips were washed three times with 1ϫ phosphate-buffered saline (PBS), and liquid was aspirated completely. Fresh 4% paraformaldehyde (wt/vol in 1ϫ PBS) was added to fix the cells at room temperature for 30 min. The coverslips were washed three times with 1ϫ PBS and then incubated in permeabilization buffer (1ϫ PBS, 0.1% Triton X-100, 0.1% sodium citrate) at 4°C for 10 min. Cells were washed twice with 1ϫ PBS and incubated in blocking buffer (1ϫ PBS, 1.0% Triton X-100, 0.5% Tween-20, 3% bovine serum albumin) at room temperature for 30 min. The primary antisera (anti-ORF50 or anti-ORF57 diluted 1:1,000 in blocking buffer [47, 59] ) were added to cover the cells (ϳ250 l) and incubated at room temperature for 1 h. Coverslips were washed three times with 1ϫ PBS and then incubated with secondary antibodies (goat anti-rabbit conjugated to tetramethyl rhodamine iso-thiocyanate [TRITC; MP Biomedical] or Alexa Fluor 350 [Invitrogen molecular probe] diluted 1:1,000 in blocking buffer) at room temperature for 1 h in the dark. Coverslips were washed three times with 1ϫ PBS, and all liquid at the edges of the coverslips was removed by aspiration. A drop of DNA mounting solution (standard or containing the DNA dye 4Ј,6-diamidino-2-phenylindole [DAPI]; Vector Laboratories) was placed on the slide, and coverslips were mounted inverted and sealed to the slides with nail polish. Slides were viewed immediately or stored at 4°C in the dark. Nuclear/cytoplasmic ratios were determined with the software program ImageJ (1).
All immunofluorescence procedures were performed under conditions in which autofluorescence from GFP or RFP fused to ORF50 was not visible.
KSHV infections. Vero-rKSHV.219 cells were transfected with the pcDNA3.1-ORF50⌬NLS1,2-ER-Tm plasmid. At 16 h posttransfection, cells were left untreated or treated with 0.1 mM 4-OHT, as indicated in Fig. 7 . The supernatant medium was collected 7 days after the addition of 4-OHT, and cells and debris were removed by centrifugation and passage of supernatants through 0.4-m filters. Filtered virus was transferred to 80%-confluent 293 cells plated on coverslips in 35-mm plates. Infected 293 cells were detected by GFP expression from rKSHV.219 at 2 days postinfection.
RNA isolation. RNA isolation was performed as described in reference 59. Northern blotting. Northern blotting was performed as described in reference 46. The double-stranded probes were the EcoRI fragment of pCR2.1-nut-1 (ϩ) (for nut-1/PAN), the BamHI/HindIII fragment of pRSET-0.8 (for ORF50/Rta) (47) , and the AccI/KpnI fragment of pGem-7SK (for 7SK) (59) . The probes were labeled with [␣ 32 P]dCTP by using a HexaLabel DNA labeling kit (Fermentas Life Sciences) and purified by chromatography (Spin-25; USA Scientific). The signals on the Northern membranes were quantitated by using a phosphorimager.
Western blotting. Western blotting was performed as described in reference 59. Antitubulin antibody was purchased from Sigma.
Microarray printing, cDNA labeling, hybridization, and data analysis. The KSHV microarray consisted of 60-to 70-mer oligonucleotides designed to detect 96 predicted KSHV ORFs and splice variants identical to those published by Lu et al. (44) and updated to include newer annotated transcripts. Detector oligonucleotides for human housekeeping genes (Operon Biotechnologies) were also synthesized. Oligonucleotides were spotted in triplicate onto poly-L-lysine-coated glass microscope slides by using a GeneMachines Omnigrid 100 arrayer (Genomic Solutions) and SMP3 pins (Telechem).
Six pairs of total-RNA samples from five independent transfections were analyzed. The RNA quality was assessed by visual inspection by formaldehydeagarose gel electrophoresis and Northern blotting. Three or 6 gs of each RNA sample (equal amounts per pair) were adjusted to 11 l with distilled water. A 2.2-l amount of random hexamers (2 g/l; Sigma-Genosys) was added and the mixture was heated at 98°C for 2 min and then snap-cooled on ice. An 11.1-l amount of master mix (5.0 l first-strand buffer, 2.5 l 100 mM dithiothreitol, 2.3 l low-dT deoxynucleotide triphosphate mix [5 mM A, G, and C and 0.2 mM T stock], containing either 1.5 l Cy3 [in mixture without 4-OHT] or Cy5 [in mixture with 4-OHT] [PerkinElmer]) was added. The mixture was subsequently supplemented with 1.2 l SuperScript (Invitrogen) and then incubated for 10 min at 25°C, followed by 90 min at 42°C. Microcon 10 columns (YM 10; Millipore) were primed with 400 l 1ϫ TE buffer (Tris-EDTA, pH 8.0) by centrifugation at room temperature for 10 min. Paired Cy3-labeled and Cy5-labeled cDNAs were combined, added to the primed column, and purified by centrifugation. When approximately 25 l of liquid remained above the membrane, an extra 200 l 1ϫ TE buffer was added to wash the column. Centrifugation was continued until approximately 4.5 l of liquid remained above the membrane. The purified, labeled cDNAs were transferred to a new tube and combined with an equal volume of hybridization mixture (0.5 l 10 mg/ml tRNA [Sigma], 0.5 l 10 mg/ml salmon sperm DNA [Sigma], 1.0 l 20ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 2.5 l formamide [Fisher], and 1.0 l 1% sodium dodecyl sulfate [SDS]). The mixture was heated for 2 min at 98°C and cooled for 5 min at room temperature immediately before being loaded on the microarray slides.
Prior to hybridization, the slides were blocked in prehybridization solution (3.0 g bovine serum albumin [fraction V; Roche], 1.2 ml 10% SDS, 106.0 ml Milli-Q water) at 42°C for 1 h. The prehybridized slides were washed with nuclease-free water for 2 min and isopropanol for 2 min and subsequently dried by centrifugation. The labeled cDNAs were applied to slides, covered by a 22-by 22-mm coverslip (Corning), sealed into a hybridization chamber (GeneMachines), and hybridized at 50°C overnight. After hybridization, coverslips were removed by submerging the slides in solution I (2ϫ SSC, 1% SDS), and slides were rinsed in solution II (1ϫ SSC, 0.05% SDS) for 1 min and solution III (0.06ϫ SSC) for 2 min. Slides were dried by centrifugation and scanned immediately with a GenePix 4000B scanner (Molecular Devices). The images were processed by using GenePix 5.1. The data were filtered by removing all spots that were below the background noise or flagged as "bad." Spots were considered to be below the background noise if the sum of the median intensities of the two channels was less than twice the highest mean background of the chip. The chips were normalized by the print-tip loess method (80) . The ratio of the mean median intensity of Cy5 over the mean median intensity of Cy3 was determined for each spot (dye ratios).
Replicate dye ratios from identical RNA samples hybridized to independent arrays were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Replicate dye ratios from independent RNA samples were then normalized to the averaged dye ratios of the KSHV true L ORF25/major capsid protein transcript (as quantitated by Northern blotting, the major capsid protein transcript was unaffected by Rta WT-ER and mutants in the presence of protein synthesis inhibitors).
The five resulting data sets were tested for significant changes in levels of gene expression by using two methods. For method 1 (to find the z-score), the dye ratios of each spot for Rta⌬NLS1,2-ER were divided by the dye ratios for the ER vector to determine the spot-specific effects of 4-OHT addition. The means of the triplicate dye ratios were calculated to determine the gene-specific effects of 4-OHT addition. Each data set was log transformed and fit to a normal (Gaussian) distribution, and the means of the normalized gene-specific values were calculated. The resulting set of gene-specific means was fit to a normal distribution, outliers were excluded by using Peirce's criterion (hypothesis: one outlier per gene measurement) (35) , and the average number of standard deviations from the mean was calculated for each gene (z-score). For method 2 (to find q values), gene-specific t tests and q values (minimum false-positive rate that can be attained when calling a change in gene expression significant) were calculated by comparing the dye ratios of each spot for Rta⌬NLS1,2-ER to the dye ratios for the ER vector by using the software program Significance Analysis of Microarrays (SAM) (70) .
The levels of change in expression for genes whose means were the greatest number of standard deviations from the population mean and with the lowest q values were quantitated by using real-time reverse transcriptase PCR (RT-PCR).
qRT-PCR. Primers for quantitative PCR (qPCR) were designed by using Primer3 software (http://frodo.wi.mit.edu) as described in reference 16; sequences are available from the authors by request. Five or 100 ng of total RNA (per experiment) were quantitated by using an iScript one-step RT-PCR kit with Sybr green (Bio-Rad) according to the manufacturer's recommendations, with the following modifications: the total reaction mixture volume was 25 l, containing 12.5 l 2ϫ Sybr green RT-PCR mix, 0.5 l iScript reverse transcriptase, 0.75 l forward primer, 0.75 l reverse primer, and nuclease-free water. The mixtures were amplified by incubation at 50°C for 10 min and 95°C for 5 min, followed by 50 cycles of 95°C for 10 s, 55°C for 30 s, and 72°C for 1 min, in a Corbett RotorGene instrument. The reaction products were examined by melting curve analysis and 2.5% agarose gel electrophoresis to ensure that a single amplicon was generated, without primer dimers. In each experiment, one control lacking RT was included to ensure that amplicons were not generated from contaminating viral genomic DNA in the extracts. The respective take-off cycles for each reaction were determined by using the comparative quantitation func-VOL. 82, 2008 DIRECT TRANSCRIPTIONAL TARGETS OF KSHV Rta tion of the Corbett Research software package and used as the threshold cycles (C T ) to calculate the levels of change in expression by the ⌬⌬C T method (43) . The control reactions for ⌬⌬C T used GAPDH primers for internal controls or matched primer pairs to compare viral genes in matched transfections in the presence or absence of 4-OHT. The means and standard deviations of the results for each gene were calculated from the results of at least two reactions from at least two different transfections. Microarray data accession number. Raw and normalized microarray data are available at the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov /geo) under accession number GSE 11432.
RESULTS
Rta does not require the putative NLS1. We and others have previously performed structure-function analyses of the KSHV ORF50/Rta protein, whose results are summarized in Fig. 1A . Rta contains an N-terminal, basic DNA binding domain (45, 65) , a proline-rich leucine repeat that is required for the tetramerization of Rta (3), and a C-terminal transcriptional activation domain (46, 72) . Rta is constitutively localized to the nuclei in transfected and infected cells (47) .
Further analysis of the amino acid sequence of Rta revealed two distinct lysine/arginine-rich domains, which we hypothesized might function as NLSs. NLS1 (aa 6 to 12) and NLS2 (aa 516 to 530) are indicated in Fig. 1A . We deleted exon 1 from a genomic clone of Rta, generating an insert that expresses Rta protein initiating at methionine 72 (see Fig. 1A ). We call this mutant Rta⌬NLS1.
We first tested whether or not Rta⌬NLS1 could activate transcription from two promoters that we previously showed were activated by the WT Rta protein (46, 47) . We cotransfected reporter vectors for the Nut-1/PAN or thymidine kinase (TK) promoters together with increasing amounts of the WT or Rta⌬NLS1 expression vectors into BL-41 cells. We calculated the change in the level of activation by comparison to the basal activity of each promoter transfected with empty vector alone. The transactivation of both promoters by either WT Rta or Rta⌬NLS1 was indistinguishable. The nut-1 promoter was activated by both proteins to a maximum of 50-to 60-fold ( Fig.  1B) , while the TK promoter was activated by both proteins to about 40-fold (Fig. 1C ). These data suggest that aa 1 to 71 of Rta, including the putative NLS1, are dispensable for the transactivation of KSHV DE promoters.
We also tested Rta⌬NLS1 for its ability to reactivate KSHV from latency in BCBL-1 cells. We coelectroporated BCBL-1 cells with the Rta expression plasmids and a plasmid expressing the hepatitis delta antigen to permit the quantitation of transfected cells. At 48 h after electroporation, we counted the percentage of transfected cells scoring positive for either the DE protein ORF59 or the true L protein K8.1 by indirect immunofluorescence. Each value was compared to that for BCBL-1 cells transfected with the empty expression vector to calculate the change in the level of reactivation.
The results presented in Fig. 1D show that the treatment of vector-transfected cells with tetradecanoyl phorbol acetate leads to about a fivefold and twofold induction of ORF59 and K8.1, respectively. The ectopic expression of either WT Rta or Rta⌬NLS1 results in similar induction of the lytic markers ( Fig. 1D ); these data suggest that aa 1 to 71 of Rta, including NLS1, are also dispensable for stimulating the reactivation of latent KSHV. The control DNA for the effects of transfection, the ORF50 genomic locus controlled by its native promoter (ORF50 Sal 7), was unable to reactivate the virus since Rta is not expressed from this clone in untreated PEL cells (Fig. 1D ). The results presented in Fig. 1 therefore show that aa 1 to 71, including NLS1, are not required for Rta transactivation or the stimulation of KSHV reactivation.
Putative NLS2 is required for transactivation by Rta. We also deleted aa 516 to 530, designated NLS2 ( Fig. 1A) , in the context of the FL WT Rta or Rta⌬NLS1. This strategy generated the mutants Rta⌬NLS2 and Rta⌬NLS1,2, respectively. We compared these two mutants for their abilities to activate reporters for the ORF57 and nut-1/PAN promoters in transfections of BL-41 cells. As we have previously shown (3, 6, 7, 46, 47, 59) , WT Rta transactivates the ORF57 promoter by at least 400-fold ( Fig. 2A ) and the nut-1 promoter by 60-to 80-fold ( Fig. 2B ). However, neither Rta⌬NLS2 alone nor the double-mutant Rta⌬NLS1,2 transactivated either promoter. We concluded that NLS2 was required for Rta to transcriptionally transactivate both promoters.
NLS2, but not the putative NLS1, is required for nuclear localization of Rta. To determine whether nuclear localization corresponded with the transactivation phenotypes of the NLS mutants, we transfected HeLa cells with the vectors expressing WT Rta or each of the mutants and determined the subcellular localization of each by indirect immunofluorescence. Using the nuclear stain DAPI as a reference, Rta⌬NLS1 was found to localize completely to the nuclei of HeLa cells, indistinguishably from WT Rta (Fig. 3) .
However, the deletion of putative NLS2 resulted in a strikingly different subcellular localization for Rta. Both Rta⌬NLS2 and Rta⌬NLS1,2 were well expressed but were confined to the cytoplasm of transfected HeLa cells. (Fig. 3 ). For both mutants, we observed nearly 100% discordance between the nuclear stain (DAPI) and the Rta stain in all transfected cells. The deletion of NLS2 resulted in a similar inability to enter the nucleus in CV-1 and SLK cells (not shown). Together with the results shown in Fig. 1 and 2 , these data suggested that aa 1 to 71, including the putative NLS1, were not required for (i) nuclear localization of Rta, (ii) transactivation by Rta, or (iii) reactivation of the virus from latency. These results also suggested that the failure of the Rta⌬NLS2 and Rta⌬NLS1,2 proteins to transactivate transcription was due to their failure to access the nuclei of transfected cells. VOL. 82, 2008 DIRECT TRANSCRIPTIONAL TARGETS OF KSHV Rta NLS2, but not putative NLS1, is sufficient to relocalize a heterologous protein to the nucleus. To determine whether each of the putative NLS motifs could redirect a heterologous protein to the cell nucleus, we fused each independently to the ORF of eGFP. As shown in Fig. 4 , GFP alone is distributed nonspecifically between the nuclei and cytoplasm of transfected HeLa cells. Fusion of the putative NLS1 to eGFP had little effect on its subcellular localization ( Fig. 4) . However, fusion of NLS2 to eGFP resulted in dramatic and exclusive relocalization of eGFP to HeLa cell nuclei ( Fig. 4) . Considered together with the data presented above, Rta NLS2 is necessary and sufficient to localize proteins to cell nuclei.
Nuclear/cytoplasmic localization of Rta can be regulated by fusion to a heterologous HBD. Deletion of the putative Cterminal NLS2 of Rta resulted in constitutive relocalization of the mutant protein to the cytoplasm of transfected cells and inhibition of its ability to transactivate transcription. It has been reported that a protein's nuclear localization can be controlled in a hormone-dependent fashion if fused to the HBD of the murine ER gene (42) . Since the ER HBD lacks the ER DNA binding domain (DBD), it lacks the ability to bind to its cognate DNA elements but can be directed to DNA by the DNA binding specificity of the protein to which it is fused. This approach has been used successfully to generate conditionally active, hormone-dependent variants of c-Myc, v-Myb, MyoD, Epstein-Barr virus EBNA2, and adenovirus E1a, among others (19, 20, 28, 33, 66) .
To determine whether relocalization of the NLS2 mutant of ORF50 to the cell nucleus could rescue its activity, we fused WT Rta and Rta⌬NLS1,2, at their respective C-termini, to a modified form of the ER HBD. This modified HBD is called ER-TM and contains a point mutation, G525R, that eliminates drawbacks of the original ER HBD (42) . In this way, ER-TM no longer binds 17␤-estradiol that is frequently present in cell culture media and it lacks endogenous transcriptional activity; however, it remains responsive to activation by the synthetic steroid 4-OHT.
In HeLa cells, most but not all Rta WT-ER was redistributed to the cytoplasm in the absence of 4-OHT but still retained observable nuclear localization (Fig. 5A, top panel) . In contrast, Rta⌬NLS1,2-ER was found constitutively in the cytoplasm in the absence of inducing hormone 4-OHT (Fig. 5B , top panel), i.e., we observed complete discordance between the nuclear (DAPI) stain and the ORF50/Rta stain in all transfected cells. These data suggest that ER-TM is incompletely dominant to the endogenous Rta NLS2 in controlling the distribution of Rta WT-ER in transfected cells. In WT Rta, NLS2 seems to partially overcome the cytoplasmic retention of the ER fusion by heat shock proteins in the absence of inducing hormone. We saw a similar incomplete dominance of the ER domain when it was fused to Rta⌬NLS1 (not shown).
When we added the synthetic hormone 4-OHT to the cell medium, all of the WT Rta (Fig. 5A, bottom panel) and mutant (Fig. 5B , bottom panel, and data not shown) fusion proteins were dramatically relocalized to the nuclei of transfected cells. Therefore, we concluded that the nuclear/cytoplasmic localization of Rta⌬NLS1,2-ER, but not Rta WT-ER, was very tightly regulated by the addition or omission of 4-OHT to tissue culture media.
Rta must be nuclear to transactivate transcription. To test the functional significance of the nuclear/cytoplasmic localizations of the Rta-ER fusion proteins, each was cotransfected with the ORF57/Mta promoter-reporter vector into BL-41 cells. At 3 h postelectroporation, 4-OHT was added to half of the transfection cultures and the other half remained untreated. Twenty-four hours later, the cells were harvested, and the luciferase activities of the reporter gene were quantitated.
In the absence of the inducing hormone, Rta WT-ER, Rta⌬NLS1-ER, and Rta⌬NLS1,2-ER were all unable to transactivate the ORF57/Mta promoter (Fig. 6A ). The small amount of nuclear localization of Rta WT-ER and Rta⌬NLS1-ER in the absence of hormone ( Fig. 5A and data not shown) seems to be inconsequential for transactivation of the ORF57 promoter by either fusion protein. However, the addition of 4-OHT resulted in robust transactivation by all three proteins (50-to 120-fold), suggesting that each protein is rendered active by translocation to the nucleus. We speculate that transactivation by Rta⌬NLS1,2-ER at 10 g did not increase relative to the level at 3 g due to nonspecific transcriptional squelching over the range of input plasmids tested. The negative control transfections of the empty expression vector (pcDNA3) showed no transactivation in the presence or absence of 4-OHT. The positive control transfections of cognate WT Rta without the ER-TM fusion transactivated the ORF57 promoter regardless of 4-OHT addition, as expected.
To confirm these data for a second KSHV DE promoter, we repeated the above approach using the nut-1/PAN promoterreporter vector. Identically to results with the ORF57/Mta promoter, Rta⌬NLS1,2-ER only activated nut-1/PAN in cells treated with 4-OHT (Fig. 6B ). Interestingly, Rta WT-ER activated the nut-1/PAN promoter even in the absence of hormone (Fig. 6B) , a result agreeing with the partial nuclear localization of the WT fusion protein under those conditions ( Fig. 5A ). Regardless of this effect, when we added the hormone, transactivation by the Rta-ER fusion protein was stimulated by 60-to 80-fold. The positive control transfections of cognate WT Rta (without the ER-TM fusion) transactivated the nut-1 promoter regardless of 4-OHT addition, as expected ( Fig. 6B) .
Taken together, these data demonstrate a tight correspondence between nuclear localization of WT and mutant Rta proteins and their abilities to transactivate transcription. The transcriptional defect in Rta⌬NLS1,2 was the result of its incorrect localization to the cytoplasm, but it transactivated promoters at a level quantitatively similar to that of cognate Rta when it was relocalized to the nucleus by the addition of 4-OHT. The cognate WT Rta protein, not fused to the ER, was constitutively localized to the nucleus of BL-41 cells and robustly transactivated the Mta and nut-1 promoters in the presence or absence of tamoxifen. For both promoters, there was no background stimulation by 4-OHT, as control cells transfected with the empty vector ( Fig. 6 ) showed only basal activity in the absence or presence of the hormone.
Nuclear localization is required for Rta to reactivate KSHV from latency. To determine whether the entire KSHV lytic cycle could be reactivated by conditionally relocalizing Rta to the cell nucleus, we focused our analyses on the effects of Rta⌬NLS1,2-ER since it offered the most-stringent control among the ER HBD fusion proteins. As our infected model cell line, we chose easily transfectable Vero-rKSHV.219 cells (71) . This is a subclone of the Vero cell line that is infected with an rKSHV clone derived from the JSC-1 PEL cell line ("rKSHV.219"). The rKSHV.219 virus constitutively expresses eGFP and puromycin resistance and produces infectious virus following various methods of inducing reactivation (71).
Among KSHV genes, the nut-1/PAN promoter is strongly activated by Rta in transient transfections, and the nut-1/PAN transcript is induced by Rta in latently infected PEL cells (47, 68) . To test whether regulated nuclear localization of Rta⌬NLS1,2-ER would function similarly in latently infected Vero cells, we transfected multiple dishes of Vero-rKSHV.219 cells with the Rta⌬NLS1,2-ER expression vector or the empty vector. Half of each set of transfectants was treated with the inducer 4-OHT 3 h later. Analyses of total RNA by Northern blotting showed that background levels of the nut-1/PAN tran- VOL. 82, 2008 DIRECT TRANSCRIPTIONAL TARGETS OF KSHV Rta 10715 script were expressed in untreated cells that were transfected with either vector (Fig. 7A, lanes 1, 3, and 4) . The small amount of nut-1 expression in the absence of 4-OHT ( Fig. 7A ) suggests that a low level of spontaneous reactivation is occurring; presumably, spontaneously expressed endogenous Rta transactivates nut-1. The addition of 4-OHT to the growth medium resulted in dramatic induction of nut-1/PAN in cells expressing Rta⌬NLS1,2-ER, but not in vector-transfected cells (Fig. 7A, compare lane 2 with lanes 5 and 6) . This proved that the induction of nut-1/PAN expression by 4-OHT required ectopic expression of the Rta fusion protein and was not mediated indirectly by effects of 4-OHT on the cells alone. The middle panel of Fig. 7A shows that the Rta transcript was only detectable in cells expressing Rta⌬NLS1,2-ER, regardless of 4-OHT addition; the Northern probe detects both the en-dogenous ORF50 message and the ectopically expressed Rta⌬NLS1,2-ER message, and the two transcripts are indistinguishable in size. These data suggested that the relocalization of Rta to the cell nucleus was capable of reactivating the KSHV lytic cycle in a fashion similar to that in PEL cells. Similar to other DNA viruses, individual KSHV genes are expressed in an ordered cascade during reactivation, in kinetically classifiable groups (31, 44) . To determine the kinetics of the expression of nut-1/PAN in response to nuclear relocalization of Rta⌬NLS1,2-ER, we analyzed nut-1/PAN expression over a 64-h period following 4-OHT addition to transfected cells. The Nut-1/PAN transcript was induced at all time points in transfected cells that had been treated with 4-OHT (Fig. 7B Nut-1/PAN expression in untreated cells demonstrates tight control of Rta⌬NLS1,2-ER function at all time points. Untransfected cells were the control (Fig. 7B, first lane) . Rta expression remained relatively constant in transfected cells (Fig. 7B, center panel) . Finally, the cellular 7SK RNA showed strong expression regardless of transfection or the addition of 4-OHT (Fig. 7B, bottom panel) . These data demonstrate that the Rta⌬NLS1,2-ER protein induces Nut-1/PAN expression from the latent KSHV genome in Vero cells in a 4-OHTdependent manner. The kinetic pattern of nut-1/PAN expression is similar to that of virus reactivated with chemicals (67), with a slightly delayed peak of expression.
The reactivation of rKSHV.219 can also be monitored by the expression of the RFP dsRed, which was cloned into the rKSHV.219 genome under the control of an ectopic copy of the lytic nut-1/PAN promoter (71) . We combined the detection of RFP with indirect immunofluorescence by using our ORF57/ Mta-specific antiserum (59) 24 h after adding 4-OHT to half of the cells. The results in Fig. 7C show that GFP, expressed constitutively from the rKSHV.219 virus, was easily and uniformly detectable in all Vero-rKSHV.219 cells, regardless of 4-OHT treatment. However, both RFP and Mta were expressed only in the cells that were treated with 4-OHT, and not in cells that were not treated with 4-OHT ( Fig. 7C ). As a negative control, Vero-rKSHV.219 transfected with empty vector and treated with 4-OHT did not express either marker of reactivation (not shown). The data shown in Fig. 7 therefore confirmed that the relocalization of Rta to infected-cell nuclei induced the expression of both RNA and protein markers of KSHV lytic reactivation.
Nuclear relocalization of Rta reactivates the entire KSHV lytic cycle. True L genes in KSHV are those whose transcription strictly requires the prior initiation of viral DNA replication (44) . In PEL cells, ectopic expression of Rta induced the expression of the true L gene K8.1 in the absence, but not the presence, of ganciclovir, an inhibitor of KSHV replication (47) . Those data proved that ectopic Rta protein induced authentic KSHV reactivation in PEL cells.
To determine whether nuclear relocalization of Rta could induce true L gene expression in Vero-rKSHV.219 cells, we asked whether transcription from the true L genes K8.1, ORF20, and ORF33 (44) was induced by the addition of 4-OHT to cells transfected with the Rta⌬NLS1,2-ER vector. K8.1, ORF20, and ORF33 were all transactivated following the relocalization of Rta to the nuclei of the infected Vero cells (Fig. 7D) . The average range of expression for the three genes was 13-to 76-fold, as determined by real-time qRT-PCR. Negative control reactions in which RT was omitted did not yield a PCR product. Therefore, the relocalization of Rta to the nuclei of KSHV-infected Vero cells induces true L gene expression.
We sought confirmation of the real-time RT-PCR data by quantitating K8.1 protein expression in the KSHV-infected Vero cells. As shown in Fig. 7E , Rta⌬NLS1,2-ER only stimulated K8.1 expression in cells treated with 4-OHT. Interestingly, Rta WT-ER induced K8.1 expression even in the absence of hormone (Fig. 7E) , agreeing with the partial nuclear localization of the WT fusion protein under those conditions (Fig. 5A) . As expected, the positive control transfection of the cognate WT Rta vector (without the ER-TM fusion) and treat-ment of the cells with the histone deacetylase inhibitor sodium butyrate induced K8.1 expression without further addition of 4-OHT (Fig. 7E) .
The ultimate proof of complete, productive viral reactivation is the release of mature, infectious virus to the tissue culture medium of infected cells. At 7 days after the addition of OHT to cells transfected with the Rta⌬NLS1,2-ER vector, we transferred clarified supernatants to monolayers of naïve 293 cells and detected rKSHV.219 by observing the 293 cells for GFP expression. Figure 7F shows representative images from these 293 cell monolayers, which were performed in triplicate. In the top panel of Fig. 7F , supernatant from cells transfected in the absence of 4-OHT shows a low level of spontaneously reactivated KSHV that is transmissible. The middle panel of Fig. 7F shows a reproducible, approximately sevenfold increase in the amount of infectious virus produced by 4-OHT-mediated nuclear relocalization of Rta⌬NLS1,2-ER protein. Finally, this induction is equivalent to the amount of infectious virus produced by transfecting Vero-rKSHV.219 with cognate, WT Rta expression vector (Fig. 7F , bottom panels). The increase in viral titers observed in all panels of Fig. 7F was similar to the induction of latent virus shown in Fig. 7E .
In summary, our data demonstrate that the entire productive KSHV lytic cycle is induced and viral promoters are transactivated in direct concordance with the nuclear localization of the Rta protein.
Nut-1/PAN is a direct transcriptional target of Rta in infected cells. The data above showed that the fusion of Rta⌬NLS1,2 to the modified HBD of the ER generated a variant of Rta (Rta⌬NLS1,2-ER) whose nuclear localization, transactivation, and stimulation of the complete KSHV lytic cycle could be regulated by the addition of 4-OHT to the tissue culture growth medium. The transfection of Rta⌬NLS1,2-ER into Vero-rKSHV.219 cells constituted an ideal system for identifying Rta's direct transcriptional targets in infected cells. Rta could be constitutively expressed in an inactive, cytoplasmic form and then induced to relocalize to the cell nuclei in the presence of protein synthesis inhibitors to prohibit de novo expression of any other viral or cellular transactivators. Furthermore, the shutoff of de novo protein synthesis could be confirmed by monitoring RFP expression from the recombinant virus (rKSHV.219).
Since CHX alone induced the expression of nut-1/PAN and other viral transcripts in these cells (not shown), we tested two other protein synthesis inhibitors, hygromycin and neomycin ( Fig. 8A to D) (52) . As expected, nut-1/PAN was not induced by 4-OHT treatment (alone) in cells transfected with the negative control empty expression vector (Fig. 8E, lanes 1 and 2, top panels). The positive controls show 4-OHT-dependent induction of nut-1/PAN in Vero-rKSHV.219 cells transfected with Rta⌬NLS1,2-ER (Fig. 8E, lanes 3 to 6, top panels) . In agreement, Fig. 8B shows that RFP expression, driven by the ectopic nut-1/PAN promoter, is also dependent on the addition of 4-OHT to cells transfected with Rta⌬NLS1,2-ER. In cells transfected with Rta⌬NLS1,2-ER and treated with either hygromycin or neomycin, nut-1/PAN induction is 4-OHT dependent (Fig. 8E, lanes 7 to 14) . The results presented in Fig.  8E also show that the induction of nut-1/PAN in the presence of neomycin (lanes 13 and 14) is much more robust than in the presence of hygromycin (lanes 9 and 10) . In fact, the induction VOL. 82, 2008 DIRECT TRANSCRIPTIONAL TARGETS OF KSHV Rta 10717 of nut-1/PAN in the presence of neomycin is indistinguishable from induction without the addition of a protein synthesis inhibitor (Fig. 8E, compare lanes 11 to 14 with lanes 3 to 6) . In contrast, in the presence of hygromycin, 4-OHT-dependent induction of nut-1/PAN is only detectable upon long exposure of the Northern blot (Fig. 8E, second panel down, lanes 7 to  10) . Spontaneous nut-1/PAN expression (i.e., in the absence of 4-OHT) is also extinguished in the presence of hygromycin (Fig. 8E, lanes 7 and 8) .
The difference in nut-1/PAN induction shown in Fig. 8E , lanes 7 to 13, might be attributable to different potencies of neomycin and hygromycin. As shown in Fig. 8D , neomycin fails to eliminate de novo expression of RFP induced by 4-OHT treatment, suggesting that translation is not inhibited by neomycin under these conditions. However, Fig. 8C shows that hygromycin extinguishes RFP expression. Therefore, we hypothesize that the more-robust nut-1/PAN expression in cells treated with neomycin compared to that in cells treated with hygromycin results from the expression of additional lytic cycle transactivators only in the neomycin-treated cells. Thus, hygro-mycin is the ideal protein synthesis inhibitor for the detection of direct transcriptional targets of Rta.
Two additional approaches confirmed that hygromycin extinguished de novo protein synthesis in these cells. Both firefly luciferase and ␤-galactosidase expression were reduced by more than 95% in Vero-rKSHV.219 cells transfected with reporter vectors (Fig. 8F) . As detected by Western blotting, endogenous tubulin expression was reduced by a similar magnitude ( Fig. 8G) .
Identification of direct transcriptional targets of Rta in infected cells. To identify all of Rta's direct transcriptional targets, we tested the entire KSHV transcriptome using the strategies outlined in Fig. 8A (vector transfected with or without 4-OHT) and Fig. 8C (Rta⌬NLS1,2-ER transfected with or without 4-OHT). As hygromycin treatment for 40 h was cytotoxic (observe rounding in the top panels of Fig. 8C ), we harvested total cellular RNA 15 h after 4-OHT addition (30 h after hygromycin addition). The KSHV transcriptome was queried by hybridizing labeled cDNAs to a KSHV oligonucleotide microarray. The microarray contains probes for every KSHV ORF and some of the alternatively spliced transcripts (as originally designed by Lu and colleagues [44] ), with updated probes for newly annotated transcripts.
We analyzed the statistical significance of the gene responses using two methods and quantitated individual gene responses by real-time qRT-PCR. The statistical methods, described in detail in Materials and Methods, were (i) generating a normal (Gaussian) curve of the data and determining the number of standard deviations from the mean of each gene's response (z-score) and (ii) performing gene-specific t tests using Significance Analysis of Microarrays (SAM) software (70) . The output of the SAM software is a q value, which represents the minimum false-positive rate that can be attained when calling a change in gene expression significant.
Overall, we identified eight genes that were induced at a level at least 1.1 standard deviations from the mean level of induction by relocalizing Rta⌬NLS1,2-ER to the nuclei of infected cells while inhibiting de novo protein synthesis (Table  1) . These genes were nut-1/PAN, ORF57/Mta, ORF56/Primase, K2/vIL-6, ORF37/SOX, K14/vOX, K9/vIRF1, and ORF52. All had q values of Ͻ0.01 (i.e., Ͻ1% chance they are false positives). As determined by real-time qRT-PCR, Rta activated six of these genes directly, over a range from 3.5-to 49.2-fold (ORF56 and nut-1/PAN, respectively). K14 and K9 induction were not quantitated by qRT-PCR since three individual sets of primers failed to specifically amplify the corresponding mRNAs.
We also selected eight genes that were not significantly activated by relocalizing Rta⌬NLS1,2-ER to the nuclei of infected cells while inhibiting de novo protein synthesis (Table  1) . These genes were K11.1/vIRF2, ORF41, ORF36/CHPK, K8.1, ORF34, K10.5/vIRF3, ORF73/LANA-1, and ORF38. q values for these genes ranged from 0.05 to 0.14 (four genes), and two were not significantly changed ( Table 1) . As quantitated by real-time qRT-PCR, the expression level of these genes only changed from 0.8-to 1.4-fold, confirming their insignificance as direct transcriptional targets of Rta.
DISCUSSION
Reactivation of KSHV from latency in B cells is essential for KS development (4, 21, 50, 55, 61, 78) . KSHV Rta is a nuclear, transcriptional transactivating protein that is necessary and sufficient for viral reactivation (24, 46, 47, 68, 79) . During reactivation, transcripts encoding Rta are expressed with IE kinetics prior to the detection of KSHV DE transcripts (67, 81) . Rta transactivates many KSHV promoters, but none of the corresponding genes had been formally demonstrated to be direct targets of Rta in infected cells. Since progression through the lytic cycle during reactivation is critical for KSHV pathogenesis, delineating the regulation of lytic-gene expression circuits requires the identification of the genes that are regulated directly or indirectly by Rta, independently or in combination with other viral or cellular transcriptional proteins.
To begin to answer these questions, we developed a system in which the Rta protein is the only viral transactivator expressed in KSHV-infected cells so that we could identify Rta's direct transcriptional targets. By fusing Rta to a modified HBD of the murine ER, we generated a variant of Rta whose nuclear localization ( Fig. 5 ) and transactivation ( Fig. 6) were strictly controlled by the addition of 4-OHT to the cell culture medium.
To optimize the regulation of the nuclear/cytoplasmic localization of the Rta fusion protein, we characterized two putative lysine/arginine-rich NLSs in ORF50/Rta (Fig. 1A) . We showed that the putative NLS1 (aa 6 to 12) was dispensable ( Fig. 1 and  3 ), while NLS2 (aa 516 to 530) was essential for nuclear localization ( Fig. 3) , transactivation (Fig. 2) , and stimulation of reactivation by Rta (Fig. 7) . NLS2 was also sufficient to restrict GFP to the nuclei of transfected cells (Fig. 4) . The deletion of both NLSs in the ORF50-ER fusion protein generated a variant of Rta (called Rta⌬NLS1,2-ER) that was expressed exclusively in the cytoplasm in the absence of 4-OHT ( Fig. 5 ) and failed to transactivate (Fig. 6) . Following the addition of 4-OHT to the medium of transfected cells, the fusion protein was redirected completely to the nucleus (Fig. 5 ), regained its ability to transactivate transcription (Fig. 6) , and reactivated the entire KSHV lytic cycle (Fig. 7) . These data suggested that the transcriptional defect in Rta⌬NLS1,2 was due largely to its inability to access the nucleus and that targeting of Rta⌬NLS1,2 to the nucleus in a heterologous fashion can rescue its function. Point mutations in NLS2 have been shown to eliminate Rta transactivation (9, 25) , but the nuclear localization of those mutant proteins was not examined.
Our strategy for constructing the NLS1 deletion mutant of Rta, which effectively deleted aa 1 to 72 (Fig. 1A) , extends our (3, 45, 46) . Rta⌬NLS1 was indistinguishable from WT ORF50 in nuclear localization (Fig. 3) , transactivation of the nut-1 and TK promoters ( Fig. 1B and C) , and viral reactivation (Fig. 1D ). As both DNA binding and tetramerization of Rta are required for KSHV reactivation (3, 7) , our data suggest that aa 1 to 72 are dispensable for both essential molecular interactions of Rta. Chen et al. (12) have reported that an NLS1 deletion mutant of Rta similar to ours was unable to transactivate the K9 and DNA polymerase promoters in transient assays in uninfected cells. That mutant Rta protein was partially localized to cell nuclei, so it is not clear why its transactivation phenotype differed from ours. We found that fusion with NLS1 could partially relocalize GFP to the nuclei of transfected cells, but not as dramatically as the similar GFP fusion of NLS2 (Fig. 4) . The Vero-rKSHV.219 cell line was ideal for identifying the direct transcriptional targets of Rta. The cells were easily transfectable and permitted monitoring of RFP to ensure that de novo protein synthesis was extinguished by treatment with translational inhibitors (Fig. 8 ). However, our observation that CHX treatment alone increased the expression of nut-1 and other viral transcripts (not shown) suggested that CHX can induce viral lytic cycle gene expression outside the context of full KSHV reactivation in these cells. This effect of CHX was probably due to its established pleiotropy in animal cells (41, 69) . As hygromycin did not cause similar pleiotropic effects on these cells, we used it to extinguish protein synthesis (Fig. 8C) .
The genes that were significantly activated by Rta⌬NLS1,2 in the absence of de novo protein synthesis were determined by statistical analyses of the microarray data and quantitated by real-time qRT-PCR (Table 1 ). In our model system, the eight direct transcriptional targets of Rta were nut-1/PAN, ORF57/ Mta, ORF56/Primase, K2/vIL-6, ORF37/SOX, K14/vOX, K9/ vIRF1, and ORF52 ( Table 1 ). The results of previous studies showed that sequences upstream of five of these genes, nut-1/ PAN, ORF57, K2, K14, and K9, were sufficient for directing Rta-mediated, transient transactivation of reporter molecules in uninfected cells (12, 15, 34, 39, 46, 47, 63) . Our data establish that in the context of the intact viral genome in infected cells (i) those six genes are indeed authentic, direct transcriptional targets of Rta and (ii) their proximal upstream sequences are authentic promoters. The mechanisms used by Rta to transactivate some of these promoters have been well defined by using transient assays. Among the transcriptional mechanisms employed by Rta, direct DNA binding and interactions with the cellular protein RBP-Jk are essential for KSHV reactivation (6, 7, 38) .
However, our data provide further support for the idea that Rta-mediated transactivation is very complex. Our data demonstrate that in the context of a viral infection, Rta's target genes cannot be easily predicted only by identifying an Rta or RBP-Jk binding site in the putative promoter of a gene. For example, the nut-1/PAN, K12/kaposin, and ori-Lyt promoters all contain high-affinity Rta binding sites that are required for Rta transactivation in transient assays (10, 64) . However, only nut-1/PAN was activated by Rta when we inhibited de novo protein synthesis in infected cells ( Fig. 8E and Table 1 ). Like-wise, the presence or absence of particular cis promoter elements did not distinguish between the magnitudes of Rta transactivation of particular genes. For example, the binding of RBP-Jk to the promoters of ORF57/Mta, K8/K-bZIP, K14, and ORF6 is required for Rta-mediated transactivation of those promoters in transient assays (6, 7, 37, 39) . However, only ORF57/Mta was activated by Rta when we inhibited de novo protein synthesis.
In fact, the KSHV genome contains 177 consensus RBP-Jk elements (our unpublished data), yet nuclear-relocalized Rta induced only eight genes when we inhibited de novo protein synthesis (Table 1 ). Our data suggest that regardless of the autonomous mechanism used by Rta to transactivate promoters during reactivation, the transcription of the majority of the lytic genes require de novo expression of additional proteins. There is ample evidence for both viral and cellular proteins that could satisfy this proposed role as Rta-cooperating factors. The most apparent is the Mta transactivator protein encoded by KSHV ORF57, an essential protein whose expression at the single-cell level appears to correspond to viruses that are "committed" to full reactivation (26, 49, 59) . Other lytic cycle transactivators are K9/vIRF-1, K-bZIP, and ORF49 (23, 30, 75) . Therefore, the induction of some lytic genes by Rta is probably indirectly mediated through the other lytic cycle transactivators.
The requirement for de novo expression of cellular transcriptional regulatory proteins for KSHV reactivation can be interpreted by considering the results of studies of Rta transactivation in transient promoter-reporter assays in uninfected cells. These transient assays have shown that Rta transactivates many promoters from KSHV lytic cycle genes. Since the majority of these genes were not identified in the present study as direct transcriptional targets of Rta in infected cells, we hypothesize that de novo expression of cellular proteins by Rta also contributes to Rta-mediated transactivation of these promoters. For example, Rta transactivates the K-bZIP promoter in uninfected cells, yet we did not detect induction of K-bZIP by Rta-ER in infected cells when de novo protein synthesis was extinguished. Transactivation of the KSHV K-bZIP promoter by Rta requires the cellular protein RBP-Jk (7, 77) . While the expression level of RBP-Jk does not change when KSHV reactivates (6), the cellular proteins Oct-1 and C/EBP␣ are induced during reactivation and contribute to the Rta-mediated transactivation of K-bZIP (6, 76) . In fact, C/EBP␣ is induced by the ectopic expression of Rta. We therefore propose that in infected cells, K-bZIP transactivation by Rta requires the induction of cellular proteins that participate not just as accessory proteins in transactivation but as promoter-binding factors that are essential for reactivation. The limited number of viral genes autonomously activated by Rta also has significant implications for KSHV pathogenesis and the progression of reactivation. Rta directly activated only one of the nine viral core replication proteins (48), ORF56/ Primase (Table 1) . Similarly, we have previously demonstrated that less than 10% of PEL cells ectopically expressing Rta coexpress the ORF59 (DNA polymerase processivity) protein during reactivation (46, 47) . Therefore, our data provide formal proof that Rta requires additional viral and/or cellular proteins to commit the lytic program to initiate viral DNA replication. On a single-cell level, the expression of Rta is insufficient to commit every cell in an infected population to support productive lytic viral replication. Instead, Rta is sufficient to initiate the lytic reactivation program, but cellular and viral proteins expressed subsequent to Rta are key regulators of successful progression down the lytic cycle cascade.
Indeed, one direct transcriptional target of Rta identified in this study, the ORF57/Mta transactivator, does not autonomously reactivate the KSHV lytic cycle but cooperates with Rta to stimulate reactivation and is required for producing mature KSHV virions (6, 26, 47, 49, 59) . "Mosaic" patterns of expression of Mta (or other proteins expressed de novo subsequent to Rta) in a population of Rta-expressing cells could determine which cells progress to complete reactivation and which ones might allow the expression of pathogenic lytic cycle genes in the absence of productive replication and cell lysis. In this regard, Rta also directly transactivated K2/vIL-6, K14/ vOX, and K9/vIRF1 ( Table 1) , each of which encodes a protein with a potential direct effect on the abnormal cell growth phenotypes associated with KSHV infection.
The results of analyses of genes that are expressed as single units of multicistronic transcripts when reactivation is induced with chemicals suggest qualitative differences in transactivation when Rta is the only transactivator expressed. In response to chemical inducers, ORF37 is expressed in two different multicistronic messages that also contain ORF34, -35, and -36 or ORF35 and -36 (27) . We detected only ORF37 as a direct target of Rta (Table 1 ), suggesting that transcriptional start site selection might be altered when Rta is the only transactivator expressed.
Finally, it is likely that we have not detected every direct transcriptional target of Rta using the present experimental conditions. One significant influence on our data is the temporal relationship of treatment with the two chemicals hygromycin and 4-OHT and the RNA harvest. Although we optimized the concentration and length of hygromycin treatment to inhibit de novo protein synthesis ( Fig. 8 ), we could not avoid significant cytotoxicity of the drug under the present conditions (Fig. 8C) . The cytotoxicity might have globally lowered intracellular transcript levels. The effective intracellular concentration of the Rta-ER fusion protein might also influence the activation of different genes in a promoter-specific fashion. We optimized our experimental conditions for detection of the nut-1/PAN transcript ( Fig. 7 and 8 ). Two alterations of our protocol might allow for higher intracellular concentrations of the Rta-ER fusion protein: delaying the time prior to hygromycin treatment or altering the time period between 4-OHT addition and RNA harvest. Increased concentrations of the Rta-ER fusion protein might reveal additional targets of Rta that require a higher threshold of the activator. Of course, increased intracellular concentrations of Rta might globally result in decreased overall RNA expression, as Rta is proapoptotic in heterologous systems (58) . By blocking de novo protein synthesis, we are likely inhibiting the expression of antiapoptotic proteins that counteract Rta's putative stimulation of programmed cell death in our system. Finally, since CHX induced viral transcription independent of Rta expression (not shown), it is conceivable that hygromycin had the same effect on a subset of Rta's targets and that subsequent relocalization of Rta to cell nuclei resulted in undetectable changes in the level of expression of those transcripts.
